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Using the helicity amplitudes formalism, we study deeply virtual exclusive electron photoproduc-
tion off an unpolarized nucleon target, ep → e′p′γ, through a range of kinematic settings for the
initial electron energy in the laboratory system, 6 GeV, 11 GeV and 24 GeV, which are ideal for
studying the 3D quark structure of the nucleon. We use a reformulation of the cross section that
brings to the forefront the defining features of the ep → e′p′γ process as a coincidence scattering
experiment, where the observables are expressed as bilinear products of the independent helicity am-
plitudes which completely describe the process in terms of the electric, magnetic and axial currents
for the nucleon. These different contributions to the cross section are checked against the Fourier
harmonics-based formalism which has provided so far the underlying mathematical framework to
study Deeply virtual Compton scattering and related experiments. Using two different sets of the-
oretical evaluations of the twist-two generalized parton distributions, H, E, H˜ and E˜, we uncover
surprisingly large discrepancies with this framework in the intermediate Q2 range which represents a
sweet spot for extracting generalized parton distributions from data. Our findings indicate that for
a quantitative interpretation of experimental data the full t and Q2 dependence has to be accounted
for.
I. INTRODUCTION
Deeply Virtual Compton Scattering (DVCS) is mea-
sured through the exclusive process, ep → e′p′γ, where
the virtual photon four-momentum squared, Q2 =
−(ke − k′e)2, ke (k′e) being the initial (final) electron
four-momentum, provides a hard scale in the one photon
exchange approximation. The presence of a hard scale
allows us to single out the perturbative, short distance
reaction from the non-perturbative, long distance ma-
trix elements according to the factorization property of
Quantum Chromodynamics (QCD) (proofs of factoriza-
tion for deeply virtual exclusive processes can be found in
[1–3]). In exclusive photoproduction Bethe-Heitler (BH)
scattering also occurs, where the photon is emitted from
the electron. The BH process provides a means towards
a cleaner extraction of the QCD matrix elements. These
appear in linear combinations in the interference contri-
bution to the cross section between the BH and DVCS
scattering amplitudes, whereas the pure DVCS contribu-
tion is formulated in terms of bilinear expressions.
The non-perturbative contribution to DVCS is
parametrized in terms of universal parton-based quan-
tities known as generalized parton distributions (GPDs)
[4, 5] (see reviews in [6–9]). GPDs are the theoretical ob-
jects that lie at the heart of all studies of the 3D structure
of the proton [7, 10], as well as of its mechanical prop-
erties including angular momentum, pressure, and shear
forces [11]. Analogously to the usual parton distribu-
tions functions (PDFs) defined for inclusive deep inelas-
tic scattering processes, GPDs parametrize the quark and
gluon correlation functions involving matrix elements of
operators at a light-like separation between the parton
∗ btk8bh@virginia.edu
† sl4y@virginia.edu
fields. Two additional kinematic variables enter their
definition besides the quark light-cone longitudinal mo-
mentum fraction, x = k+/P+ (with P = (p + p′)/2):
the light-cone component of the longitudinal momen-
tum transfer between the initial and final proton, ξ =
−∆+/(2P+) ≈ xBj/(2 − xBj) > 0 (with ∆ = p′ − p),
and the transverse component, ∆T = p
′
T − pT ; the lat-
ter is taken into account through the invariant, t = ∆2 =
M2ξ2/(1− ξ2)−∆2T /(1− ξ2), t < 0).
In particular, at leading (twist-two) level, four quark
chirality conserving (chiral even) GPDs, H,E, H˜, E˜,
parametrize the quark-proton correlation function, enter-
ing the DVCS cross section encoded in Compton Form
Factors (CFFs). CFFs are convolutions over the variable
x, with QCD Wilson coefficient functions [6–9]. The total
set of kinematical variables that can be measured directly
from experiment, therefore, comprises ξ, t, and Q2.
While several deeply virtual exclusive experiments per-
formed in the past decade are affected by large theo-
retical and experimental uncertainties on the extracted
CFFs (see [9] for a detailed list), the experimental pro-
gram of Jefferson Lab at 12 GeV gives access to precision
data where measuring the polarization of the beam, tar-
get, and/or outgoing particles will greatly improve our
knowledge of the complete helicity structure of the cross
section. This is, in turn, essential for determining the
various CFFs, and susbequently extract the GPDs with
sufficient precision.
With this goal in mind, in Ref.[12] we derived a for-
mulation of the cross section for the ep → e′p′γ pro-
cess in the most general case, considering all polariza-
tion configurations for the incoming electron and proton
target. The new theoretical formulation renders a more
directly interpretable physical picture of how the various
CFFs enter the polarization structure of the cross section,
merging the general structure of coincidence processes
[13–15] with the QCD description of the DVCS hadronic
current. Our approach is at variance with the formalism
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2adopted so far for the cross section [8, 16–18] (BKM).
We share, however, a common starting point with the
studies performed in Refs.[19–21], broadly labeled as “fi-
nite t and target mass corrections”, in the recognition
that, important kinematic contributions originate from
the choice of reference frames where the QCD hadronic
tensor and the matrix element from the proton current in
the BH process are evaluated. Differently from Refs.[19–
21], in our approach corrections appear in the kinematic
coefficient functions multiplying the CFFs, keeping their
structure unmodified. Furthermore, the parametrization
in Ref.[21], is organized following BKM, by singling out
mathematically the contributing harmonics in the az-
imuthal angle φ between the lepton and hadron planes
(i.e. cos(nφ), and sin(nφ), n = 0, 3), independently of
the physics content giving rise to this decomposition.
The harmonics-based formalism presents the appeal-
ing aspect of associating a dominant harmonic for each
observable, therefore providing a simplified framework
for experimental measurements, but it also obfuscates
important physics elements of the coincidence cross sec-
tion. A specific example is given in unpolarized scat-
tering where, according to our formalism, the BH-DVCS
interference term of the cross section exhibits a structure
analogous to elastic scattering off the nucleon [22] where,
in addition to the electric and magnetic contributions,
an axial term ∝ H˜(F1 + F2) is allowed by parity con-
servation. This structure is not visible in BKM [16, 17]
where the harmonic contributions to the cross section are
organized in terms of kinematic powers of 1/Q. As a re-
sult, in [16] the magnetic contribution along with part
of the axial term are deemed as power-suppressed and
are not included in the twist-two formula. In [17] these
terms are restored into the main formula, however with
approximated 1/Q dependent coefficients.
In our perspective, we preserve the structure of the
nucleon charge, magnetic, and axial current contribu-
tions to the cross section as it stems from the under-
lying QED-based framework [13–15, 23–25], and incor-
porate the QCD amplitude into it. This step is crucial in
our analysis in that we re-frame DVCS in the context of
decades of experience in coincidence experiments. From
the experimental side, Hofstadter and collaborators [26]
were the first to explore the spatial structure of nuclei and
nucleons in elastic electron scattering by devising tech-
niques to obtain separately the values of the electric and
magnetic form factors from the unpolarized cross section
experimental measurements. The techniques developed
in [26] were the only ones used up to the 1990s (see i.e.
reviews in [27, 28]). Other methods based on double
polarization, either measuring the proton recoil polar-
ization in −→e p → e−→p , or the asymmetry in −→e −→p → ep,
were subsequently implemented and constitute the basis
of current measurements. Developing similar separation
techniques for the coincidence reactions at hand, namely
DVCS and related processes, would constitute an impor-
tant touchstone in the field of nucleon femtography.
Further advantages of the new formalism are that it
is covariant for the BH and DVCS terms, while devia-
tions from Lorentz covariance appearing in the interfer-
ence term can be kept track of at every step. The covari-
ance aspect is extremely advantageous from the practical
point of view, in writing code and for the development of
simulations and pseudo-data. A striking example is given
by the form of the BH unpolarized cross section which
greatly simplifies when written in terms of the relevant
invariant products. 1
Finally, we notice that the pure DVCS contribution
is organized in a model independent way in terms of
structure functions depending on the respective polar-
ization of the lepton beam and nucleon target similar
to the cross section formulation of one particle inclusive
(semi-inclusive) deep inelastic scattering at small trans-
verse momentum [15, 30]. Our new framework allows us
to write the coefficients of each structure function in a
compact way in terms of the variable , or the ratio of
longitudinal to transverse virtual photon polarization.
In what follows we discuss in detail both the formal-
ism and structure of the cross section for scattering off
an unpolarized target presented in Ref.[12]. We first de-
scribe in detail the expressions for σUU , the cross section
for an unpolarized electron scattering off an unpolarized
proton and for σLU , the cross section for a polarized elec-
tron scattering off an unpolarized proton (Section II). We
then present numerical evaluations of all terms contribut-
ing to the cross section (BH, DVCS and BH-DVCS in-
terference) in various kinematic regions, and compare the
same terms evaluated using the BKM formalism, specifi-
cally their coefficients given in Ref.[16] and subsequently
refined in Ref.[17] (Section III). We finally present our
conclusions in Section IV.
II. UNPOLARIZED SCATTERING CROSS
SECTION
The cross section for the deeply virtual photon elec-
troproduction process, e(ke) + p → e′(k′e) + p′ + γ′(q′),
is given by a coherent superposition of the DVCS and
Bethe-Heitler (BH) amplitudes, 2
d5σ
dxBjdQ2d|t|dφdφS = Γ
∣∣T ∣∣2 = Γ|TBH + TDVCS|2
= Γ
(|TBH|2 + |TDVCS|2 + I) , (1)
the interference term, I, being defined as,
I = T ∗BHTDV CS + T ∗DV CSTBH , (2)
1 Our result is consistent with a previous calculation presented in
terms of Mandelstam invariants Ref.[29].
2 Note that the dimensions of the cross section are given in
nb/GeV4. Eq.(1) is consistent with the definition of | T |2 hav-
ing dimension 1/(energy) squared while the helicity amplitudes,
defined below, are dimensionless.
3with the flux factor, Γ,
Γ =
α3
16pi2(s−M2)2
√
1 + γ2 xBj
, (3)
where α is the electromagnetic fine structure constant;
we define the relativistic invariants,
s = (p+ke)
2, Q2 = −(ke−k′e)2, t = ∆2 = (p′−p)2, xBj =
Q2
2(pq)
, ν =
(pq)
M
, y =
(qp)
(kp)
, γ2 =
4M2x2Bj
Q2
, (4)
M being the proton mass; φ is the (azimuthal) angle be-
tween the planes defined by ke and k
′
e (lepton plane),
and p′, γ′(q′) (hadron plane), respectively; φS is the an-
gle describing the proton spin. The angle φS will not
be relevant in this paper: for the unpolarized cross sec-
tion it is integrated over leading to a factor of 2pi in the
cross section. The allowed region of t corresponds to the
transverse four-momentum transfer ∆T ≥ 0,
t0 = −2M(ν − q′0max) =
Q2
(
1−
√
1 + γ2 + 12γ
2
)
xBj
(
1−
√
1 + γ2 +
1
2xBj
γ2
)
≈ − M
2x2B
(1− xB) = −
4ξ2M2
1− ξ2 . (5)
In this paper we focus on the cross section for either
an unpolarized or a polarized electron scattering off an
unpolarized nucleon which are respectively given by,
σUU = Γ
{
FBHUU + F
DV CS
UU + IUU
}
= σBHUU + σ
DV CS
UU + σ
I
UU
(6)
σLU = Γ
{
FDV CSLU + ILU
}
= σDV CSLU + σ
I
LU (7)
The detailed structure of the DVCS, BH and interference
contributions to the cross sections in Eqs.(6),(7) in the
Born approximation is given in the following Sections.
A. Bethe-Heitler process, σBHUU
The BH contribution arises when the final photon is
emitted from either the initial or final electron. It is
therefore a competing mechanism to the DVCS process
which is sensitive to the nucleon form factors evaluated at
low momentum transfer, −t << Q2. The matrix element
reads,
T
hΛ′γ
BH,Λ,Λ′ =
[
BhΛ′γ (k, k
′, q′,∆)
]
ν
[JΛΛ′(∆, p, p
′)]ν . (8)
(BhΛ′γ )ν , and J
ν
ΛΛ′ corresponding to the lepton and nu-
cleon current in BH, respectively, are defined as,
B
hΛ′γ
ν =
1
∆2
(
εΛγ′µ(q′)
)∗
Lhµν(k, k
′, q′) (9)
JνΛΛ′ = U(p
′,Λ′)
[
(F1 + F2) γ
ν − (p+ p
′)ν
2M
F2
]
U(p,Λ),
(10)
where F1 and F2 are the proton Dirac and Pauli form
factors. By squaring Eq.(8), contracting the resulting
tensors, and summing over all helicities, h,Λ,Λ′Λ′γ we
obtain after a lengthy but straightforward calculation,
the following expression for the unpolarized cross section
[12],
σBHUU = Γ
∣∣TBH ∣∣2 = ΓFBHUU = Γ [A(y, xBj , t, Q2, φ) (F 21 + τF 22 )+B(y, xBj , t, Q2, φ)τG2M ]
(11)
with,
A =
8M2
t(k q′)(k′ q′)
[
4τ
(
(k P )2 + (k′ P )2
)
− (τ + 1)
(
(k∆)2 + (k′∆)2
)]
(12)
B =
16M2
t(k q′)(k′ q′)
[
(k∆)2 + (k′∆)2
]
, (13)
F1 and F2 are the Dirac and Pauli form factors. The
BH cross section is cast in a form similar to ep elas-
tic scattering, however, due to the fact that one has an
additional photon radiated in either the initial or final
state, the kinematic coefficients, A and B, multiplying
the form factors acquire a complicated dependence in φ
(the φ dependence resides in the four vector products,
(k∆), (kP ), ... defining A and B see also Appendix B).
4The coefficients combination,
(
1 +
B
A
(1 + τ)
)−1
,
measures the exchanged virtual photon’s longitudinal po-
larization relative to the transverse. Notice that in this
case, since the exchanged photon is aligned along ∆, one
has a φ-dependent quantity compared to elastic scat-
tering where the longitudinal polarization is given by ,
Eq.((20)). ‘
B. DVCS
In the DVCS process the final photon originates at the
proton vertex, therefore we have,
T
hΛ′γ
DV CS,ΛΛ′ =
∑
Λγ∗
A
Λγ∗
h (k, k
′, q)f
Λγ∗Λ
′
γ
ΛΛ′ (q, p, q
′, p′)(14)
where A
Λγ∗
h , is the amplitude for the lepton process: e→
e′ + γ∗(q),
A
Λγ∗
h =
1
Q2
u(k′e, h)γ
µu(ke, h)
(
ε
Λγ∗
µ (q)
)∗
, (15)
and f
Λγ∗Λ
′
γ
ΛΛ′ , the hadronic amplitude, γ
∗(q)+p→ γ′(q′)+
p′ is, given by,
f
Λγ∗Λ
′
γ
ΛΛ′ =
[
εΛγ∗ (q)
]µWµν [εΛ′γ (q′)]ν∗, (16)
with h, Λγ∗ , Λγ′ , Λ and Λ
′ being the helicities of the
electron, initial (virtual) photon, final photon, initial and
final proton, respectively; εΛγ∗ (q), εΛγ′ (q′) are the initial
and final photon polarization vectors, and finally, Wµν is
the off-forward hadronic tensor which is parametrized in
terms of GPDs,
Wµν = 1
2
[
−gT,µν
∫ 1
−1
dxC+(x, ξ)W
[γ+]
ΛΛ′ + iT,νµ
∫ 1
−1
dxC−(x, ξ)W [γ
+γ5]
ΛΛ′
]
+
2MxBj
Q
(q + 4ξP )µ
[
gT,νi
∫ 1
−1
dxC+(x, ξ)W
[γi]
ΛΛ′ + iT,iν
∫ 1
−1
dxC−(x, ξ)W [γ
iγ5]
ΛΛ′
]
(17)
with
gµνT = g
µν − nµ+nν− − nν−nµ+ ≡ gij ,
µνT = αβσρg
αµ
T g
βν
T n
ρ
−n
σ
+ ≡ −+µν ≡ ij
(i, j = 1, 2), n+ and n− being unit light cone vectors.
W
[Γ]
ΛΛ′ are the quark-quark correlation functions which
are parametrized in terms of GPDs ([31] and Appendix
A).
The matrix elements modulus squared for the unpo-
larized process is given by,
∣∣TDV CS∣∣2 = ∑
Λ,Λ′,Λ′γ
(
T
hΛ′γ
DV CS,ΛΛ′
)∗
T
hΛ′γ
DV CS,ΛΛ′ =
∑
Λ,Λ′,Λ′γ
∑
Λ
(1)
γ∗ ,Λ
(2)
γ∗
[(
A
Λ
(1)
γ∗
h
)∗
A
Λ
(2)
γ∗
h
]
×
[(
f
Λ
(1)
γ∗Λ
′
γ
ΛΛ′
)∗
f
Λ
(2)
γ∗Λ
′
γ
ΛΛ′
]
. (18)
One can see from the equation above, how the separation
into leptonic and hadronic processes is structured. Note
that the final photon and final proton helicities are not
measured, or summed over therefore they will not con-
tribute to the phase dependence of the cross section. By
working out the details, we can express the terms related
to an unpolarized target | TDV CS |2 as [12],∣∣TDV CS∣∣2 = 1
Q2(1− )
{
FUU,T + FUU,L +  cos 2φF
cos 2φ
UU
+
√
(+ 1) cosφF cosφUU
+ (2h)
√
2(1− ) sinφF sinφLU
}
,
(19)
5where the lepton contribution is written in terms of , the
ratio of longitudinal to transverse virtual photon flux,
 ≡ 1− y −
1
4y
2γ2
1− y + 12y2 + 14y2γ2
=
∑
h | A0h |2∑
h
∑
Λγ∗=±1 | A
Λγ∗
h |2
.
(20)
The contributions to the cross section for scattering off
an unpolarized proton are respectively given by,
σDV CSUU =
Γ
Q2(1− )
{
FUU,T + FUU,L +  cos 2φF
cos 2φ
UU
+
√
(+ 1) cosφF cosφUU
}
(21)
σDV CSLU =
Γ
Q2(1− ) (2h)
√
2(1− ) sinφF sinφLU (22)
The φ dependence of the cross section derives from the
phase difference in the virtual photon helicities, namely,
Λ
(1)
γ∗ − Λ(2)γ∗ 6= 0. The amplitudes entering FUU,T con-
serve photon helicity and consequently generate no φ de-
pendent coefficient; F cosφUU and F
sinφ
LU contain one pho-
ton single helicity flip amplitude described by the fac-
tor, e±iφ
√
t0 − t and one helicity conserving amplitude;
F cos 2φUU contains a photon double helicity flip, e
±i2φ(t0−t)
and a helicity conserving amplitude; FUU,L derives from
the product of two single flip amplitudes and is also sup-
pressed by t0− t, although the φ dependence cancels (see
Ref.[12] for a more detailed discussion).
The structure functions are bilinear functions of the
CFFs multiplied by kinematic coefficients that are di-
rectly related to the helicity structure for the process. We
introduced a similar notation as in Refs.[15, 30] defining
FUU,T , FUU,L, F
cosφ
UU , F
cos 2φ
UU , and F
sinφ
LU , where the first
and second subscript define the polarization of the bean
and target, respectively, the third subscript defines the
polarization of the virtual photon; the superscripts re-
fer to the azimuthal angular dependence associated with
each structure function. 3
In the QCD factorization framework the CFFs are de-
fined as convolutions of the GPDs for each quark flavor, q,
with the Wilson coefficients functions. At leading order
we have for, Fq = (Hq, Eq), and F˜q= (H˜q E˜q), respec-
tively,
Fq(ξ, t) = C
(
C+ Fq
) ≡ ∫ 1
−1
dxC+(x, ξ)Fq(x, ξ, t),(23)
F˜q(ξ, t) = C
(
C− F˜q
)
≡
∫ 1
−1
dxC−(x, ξ)F˜q(x, ξ, t).(24)
with the leading order coefficients functions given by,
C±(x, ξ) =
1
x− ξ − i ∓
1
x+ ξ − i . (25)
The GPDs observe crossing symmetry relations with
respect to x → −x, which allow us to introduce valence
(symmetric) and quark singlet (anti-symmetric) distri-
butions (for a detailed discussion see Refs.[32, 33]). In
DVCS the proton GPD is written in terms of the quark
GPDs as,
H =
∑
q
e2qHq (26)
eq being the quark charge. The neutron GPD can be
obtained using isospin symmetry.
Finally, the real and imaginary parts of the CFFs are
defined as,
F = <eF + i=mF = PV
∫ 1
−1
dx
(
1
x− ξ−
1
x+ ξ
)
F (x, ξ, t)
+ ipi [F (ξ, ξ, t)−F (−ξ, ξ, t)] , (27a)
F˜ = <eF˜ + i=mF˜ = PV
∫ 1
−1
dx
(
1
x− ξ+
1
x+ ξ
)
F˜ (x, ξ, t)
+ ipi
[
F˜ (ξ, ξ, t)+F˜ (−ξ, ξ, t)
]
. (27b)
The complete set of structure functions is listed be-
low. While their formulation agrees with the one in BKM
[16, 17] for the twist-two terms (FUU,T , and F
cos 2φ
UU ), the
twist-three structure CFFs appearing in FUU,L, F
cosφ
UU ,
and F sinφLU are different: i) they are defined using a GPD
decomposition of the correlation function analogous to
the one in Ref.[31]; ii) they are represented according to
their specific quark-proton helicity configuration.
1. Structure functions
The expressions of the various structure functions in-
cluding up to twist-three GPDs read,
3 Notice, in particular, that FUU,T involves a purely trans-
verse photon, FUU,L a purely longitudinal photon, F
cosφ
UU is a
longitudinal-transverse interference term (also known in the liter-
ature as an LT term [13]), and F cos 2φUU is a transverse-transverse
interference term (or a TT term); F sinφLU involves a polarized elec-
tron and a longitudinal-transverse interference term also denoted
as LT ′.
6FUU,T = 4(1− ξ2)
{∣∣∣H− ξ2
1− ξ2 E
∣∣∣2 + ∣∣∣H˜ − ξ2
1− ξ2 E˜
∣∣∣2 + to − t
2M2
(
| E |2 + ξ2 | E˜ |2
)}
(28)
F cosφUU = −
2
√
t0 − t xBj(1− ξ)√
Q2
(1− ξ2)<e
{(
H⊥ + H˜⊥L
)∗(
H− ξ
2
1− ξ2 E
)
+
(
H(3)T + H˜(3)T
)∗(
E − ξE˜
)
− 2ξ
(
H⊥L + H˜⊥L
)∗(
H˜ − ξ
2
1− ξ2 E˜
)
+
ξ
1− ξ2
(
H⊥L + H˜⊥L
)∗(
E − ξE˜
)
+
t0 − t
16M2
(
H⊥T + H˜⊥T
)∗(
E + ξE˜
)}
(29)
F sinφLU = −
2
√
t0 − t xBj(1− ξ)√
Q2
(1− ξ2)=m
{(
H⊥ + H˜⊥L
)∗(
H− ξ
2
1− ξ2 E
)
+
(
H(3)T + H˜(3)T
)∗(
E − ξE˜
)
− 2ξ
(
H⊥L + H˜⊥L
)∗(
H˜ − ξ
2
1− ξ2 E˜
)
+
ξ
1− ξ2
(
H⊥L + H˜⊥L
)∗(
E − ξE˜
)
+
t0 − t
16M2
(
H⊥T + H˜⊥T
)∗(
E + ξE˜
)}
(30)
F cos 2φUU = −2
αS
2pi
√
1− ξ2 t0 − t
4M2
<e
[√
1− ξ2
(
H˜gT + (1− ξ)
EgT + E˜gT
2
)(
H+ H˜ − ξ
2
1− ξ2 (E + E˜
)∗
+
√
1− ξ2
(
H˜gT + (1 + ξ)
EgT − E˜gT
2
)(
H− H˜ − ξ
2
1− ξ2 (E + E˜
)∗
+
√
t0 − t
2M
(
H˜gT + (1 + ξ)
EgT − E˜gT
2
)(
E + ξE˜
)∗
−
√
1− ξ2
(
HgT +
t0 − t
M2
H˜gT −
ξ2
1− ξ2 E
g
T +
ξ
1− ξ2 E˜
g
T
)(
E − ξE˜
)∗]
(31)
FUU,L =
4(t0 − t)
Q2
x2Bj(1− ξ)2
t0 − t
2M2
2
∣∣∣H⊥ + H˜⊥L − ξH⊥L − ξH˜⊥∣∣∣2 (32)
The GPD content has been highlighted in color for a
clearer presentation: the twist-three GPDs are rendered
in red, while the transversity gluon GPDs are in blue.
Notice the structure of the multiplicative factors in each
structure function: FUU,T has no
√
t0 − t/Q factor and
is therefore the dominant term at high Q2; F cosφUU , F
sinφ
UU
contain one helicity flip factor ∝ √t0 − t/Q; F cos 2φUU is a
leading twist contribution associated with a double he-
licity flip and it is both proportional to (t0− t)/M2, and
suppressed by a factor αS from the gluon coupling; fi-
nally, FUU,L contains only twist-three GPDs, it is given
by the product of two single-flip terms yielding a multi-
plicative factor of (t0 − t)/Q2.
The notation for the twist-three GPDs is illustrated in
Table I where we show along with our our notation, their
quark-proton polarization configuration, the correspond-
ing notation in the TMD sector, and the notation from
Ref.[31] (see also Table I in Ref.[12]). The notation fol-
lows the one adopted for TMDs [] (jaffe Ji, mulders and
tangerman complete), namely,
• H and f correspond to the vector coupling in
the parametrization of the quark-proton correlation
function
• H˜ and g correspond to axial-vector coupling
• the ⊥ superscript indicates an unsaturated trans-
verse momentum index in the correlation function’s
coefficient [34]
• the subscript L(T ) involves the amplitude for a lon-
gitudinally (transversely) polarized target.
GPD PqPp TMD Ref.[31]
H⊥ UU f⊥ 2H˜2T + E2T
H˜⊥L LL g
⊥
L 2H˜
′
2T + E
′
2T
HL UL f
⊥ (∗)
L E˜2T − ξE2T
H˜⊥ LU g⊥ (∗) E˜′2T − ξE′2T
H
(3)
T UT f
(∗)
T H2T + τH˜2T
H˜
(3)
T LT g
′
T H
′
2T + τH˜
′
2T
TABLE I. Twist-three GPDs and their helicity content. In
the first column we show the GPDs notation for this paper;
the second column shows the quark and proton polarizations;
the third column shows the analogous configurations in the
TMD sector; finally, the fourth column shows the correspond-
ing notation from Ref.[31]. The asterisk denotes naive T-odd
twist-three TMDs (we define τ = to−t
4M2
).
Notice the different structure function composition
that the various polarization observables in DVCS have
7with respect to similar observables in inclusive or semi-
inclusive deep inelastic scattering (SIDIS) experiments:
for the latter, one has a one to one correspondence be-
tween the polarization configurations of the structure
functions, FWXY , and their TMD content. For instance,
the structure function FUU,T in SIDIS measures the con-
volution of f1 and the corresponding unpolarized frag-
mentation function, D1, FLL measures the convolution
of g1L and D1, and so on [30, 35]. In DVCS, FUU,T con-
tains both the vector, H,E, and axial-vector, H˜, E˜ GPDs
(the other polarization configurations behave similarly).
This results from the fact that in DVCS the observables
are bilinear, or quadratic expressions in the CFFs and
GPDs. Because the CFFs appear in quadratic form, dif-
ferent polarization configurations do not cancel out when
forming the various structures.
C. BH-DVCS Interference
The BH-DVCS interference contributions is expressed
in terms of linear combinations of products of CFFs from
the DVCS hadron tensor, H, E , ..., and the elastic form
factors, F1 and F2, describing the BH amplitude. Sim-
ilarly to the DVCS contribution, there is no obvious
connection between the various beam/target polarization
configurations and the GPDs contributing to the struc-
ture functions (see discussion in Section II B). However,
in this case we can express the cross section in a form
that reveals important physics content provided we write
it in a transparent way applying the helicity amplitudes
formalism to the description of coincidence experiments
[12].
This represents our main point of departure from the
BKM harmonics-based formalism [16, 17] used so far to
interpret deeply virtual exclusive experiments. The two
approaches, namely the one presented here and in BKM,
emphasize rather different aspects. In the present formu-
lation we organize the cross section in terms of its elec-
tric, magnetic, and axial current contributions, therefore
keeping all terms regardless of whether they appear to
be suppressed by inverse powers of the hard scale, Q2.
BKM instead organize the cross section in harmonics in
the azimuthal angle, φ, and seemingly retain only terms
that are dominant in inverse powers of Q2.
We reiterate, however, that because of the nature of co-
incidence experiments, developing a framework that em-
phasizes contributions dominating the high Q2 limit will
lead to erroneous interpretations. A striking example
is given in the unpolarized scattering case where, from
the general structure of the cross section for coincidence
processes [13, 23, 24], it is expected that the magnetic
contribution will appear suppressed with respect to the
electric one: suppressed does not mean subleading in this
case. Exclusive photoproduction is in this aspect all but
similar to the elastic cross section.
Similar to how the magnetic form factor contribution
is not dropped in the analysis of elastic scattering experi-
ments, even if multiplied by a smaller coefficient than the
electric form factor, the magnetic contribution should be
kept in the exclusive photoproduction cross section. It
is, in fact, the most interesting term of the unpolarized
cross section since it contains the combination of CFFs,
H + E , defining an avenue to grasping the holy grail of
angular momentum [4]. While analyses conducted so far
disregard this term, we strongly recommend that efforts
to extract it should be pursued actively.
Our general remark is, in summary, that the cross
section evaluation should not be based on a hierar-
chy of power suppressed terms of the type M2/Q2,
t/Q2 but that the coefficients multiplying the electric,
(F1H + τF2E), magnetic, GM (H + E), and axial GMH˜,
current contributions should be evaluated in their en-
tirety since the twist expansion does not apply here and
no physical criterion to disregard what appears at first
as power suppressed terms can be advocated [12].
The analytic expression for the interference term is
complicated by the fact that it involves the product
of two amplitudes with two different virtual photons,
namely along ∆ = −(p−p′), for BH and along q = ke−k′e
for DVCS.
The interference term given in Eq.(2) can be factorized
into its lepton, L, and hadron, H, components as,
I =
∑
Λ,Λ′,Λγ∗
Ih,Λγ∗ΛΛ′
=
∑
Λ,Λ′,Λγ∗ ,Λ′γ
(L
Λγ∗Λ
′
γ
I, h )
∗µ(H
Λγ∗Λ
′
γ
I,ΛΛ′ )µ + (conj.)
(33)
where the lepton tensor is given by the product of the lep-
tomn amplitudes for the BH, Bµh,Λ′γ
, Eq.(9), and DVCS,
A
Λ∗γ
h , Eq.(15) processes,(
L
Λγ∗Λ
′
γ
I, h
)µ
= Bµh,Λ′γ
(
A
Λ∗γ
h
)∗
. (34)
Analogously, the hadron tensor is given by the product
of the BH, JΛΛ′ , Eq.(10), and DVCS, f
Λγ∗ ,Λ
′
γ
ΛΛ′ , Eq.(16),
amplitudes. We split the latter into its twist-two and
twist-three components, respectively given by,
(
H
Λγ∗ ,Λ
′
γ
I ΛΛ′
)tw2
µ
= (JΛΛ′)µ
(
−gαβT FSΛΛ′ + iβαT FAΛΛ′
)(

Λ′γ
α (q
′)
)∗

Λγ∗
β (q), Λ
∗
γ = ±1 (35)(
H
Λγ∗ ,Λ
′
γ
I ΛΛ′
)tw3
µ
= (JΛΛ′)µ (q + 4ξP )
β
(
gαjFSΛΛ′,j + ijαFAΛΛ′,j
)(

Λ′γ
α (q
′)
)∗

Λγ∗
β (q), Λγ∗ = 0 , (36)
8where we introduced the notation, FS and FA for the
symmetric (S), and antisymmetric (A) components of the
hadron tensor,
FSΛΛ′ =
1
2
∫ 1
−1
dxC+(x, ξ)W
[γ+]
ΛΛ′ (37a)
FAΛΛ′ =
1
2
∫ 1
−1
dxC−(x, ξ)W [γ
+γ5]
ΛΛ′ (37b)
and,
FS,jΛΛ′ =
2MxBj
Q
∫ 1
−1
dxC+(x, ξ)W
[γj ]
ΛΛ′ (38a)
FA,jΛΛ′ =
2MxBj
Q
∫ 1
−1
dxC−(x, ξ)W [γ
jγ5]
ΛΛ′ (38b)
Summing over the helicities in Eq.(33) we obtain for the
interference term,
I = el 1
Q2 | t |
{
F IUU + (2h)F
I
LU
}
, (39)
with
F IUU = F
I,tw2
UU +
√
t0 − t
Q
F I,tw3UU (40)
F ILU = F
I,tw2
LU +
√
t0 − t
Q
F I,tw3LU . (41)
The cross UU and LU sections are respectively given by,
4
σIUU = el
Γ
Q2 | t |
{
F I,tw2UU +
√
t0 − t
Q
F I,tw3UU
}
(42)
σILU = el
Γ
Q2 | t |
{
F I,tw2LU +
√
t0 − t
Q
F I,tw3LU
}
. (43)
1. Structure Functions
The structure functions are written in terms of prod-
ucts of CFFs with the elastic form factors. In the twist-
two sector one has,
F I,tw2UU = A
I
UU<e
(
F1H+ τF2E
)
+BIUUGM<e
(H+ E)
+ CIUUGM<eH˜ (44)
F I,tw2LU = A
I
LU=m
(
F1H+ τF2E
)
+BILUGM =m
(H+ E)
+ CILUGM=mH˜ , (45)
where, similar to the BH term, the coefficients, AIUU ,
BIUU , C
I
UU given in Appendix A, are functions of
(y, xBj , Q
2, φ). The φ dependence is both of kinematic
origin, i.e. from the four vector products entering the co-
efficients analogously to the BH case, and from the phase
in the virtual photon polarization vector. Notice that one
can single out the contribution, (F1H+ τF2E), playing
the role of an electric Compton form factor term, and
(H+ E) (magnetic Compton form factor). In addition,
one has the term H˜, which appears similar to the axial-
vector contribution in parity violating elastic scattering.
At twist-three we find the following interesting struc-
ture,
F I,tw3UU = A
(3)I
UU
[
F1
(
<e(2H˜2T + E2T )−<e(2H˜′2T + E ′2T )
)
+ F2
(
<e(H2T + τH˜2T )−<e(H′2T + τH˜′2T )
)]
+ B
(3)I
UU GM (<eE˜2T −<eE˜ ′2T )
+ C
(3)I
UU GM
[
2ξ(<eH2T −<eH′2T )− τ
(
<e(E˜2T − ξE2T )−<e (E˜ ′2T − ξE ′2T )
)]
(46)
For a polarized electron beam we obtain a structure anal- ogous to the unpolarized case, where the <e parts of the
CFFs are replaced with with the =m parts, namely,
F ILU = A
(3)I
LU
[
F1
(
=m(2H˜2T + E2T )−=m(2H˜′2T + E ′2T )
)
+ F2
(
=m(H2T + τH˜2T )−=m(H′2T + τH˜′2T )
)]
+ B
(3)I
LU GM (=mE˜2T −=mE˜ ′2T )
+ C
(3)I
LU GM
[
2ξ(=mH2T −=mH′2T )− τ
(
=m(E˜2T − ξE2T )−=m (E˜ ′2T − ξE ′2T )
)]
(47)
4 Notice that we write our interference cross section as a function
of |t| versus t as is normally done in the BKM formalism. It should be noted that this is an important point when comparingto the data.
9The coefficients are given in Appendix B.
D. Azimuthal angular dependence
The azimuthal angular, φ, dependence is a key feature
of the cross section, appearing with different capacities in
the description of the BH, DVCS, and BH-DVCS inter-
ference contributions. In electron scattering coincidence
reactions the cross section assumes a characteristic de-
pendence on the phase, φ, which originates from rotating
the virtual photon polarization vector, ε
Λ∗γ
µ , from the lep-
tonic to the hadronic plane (see e.g. Refs.[13, 23, 24]
and the detailed reiteration for deeply virtual scatter-
ing in Ref.[15, 25]). This dependence allows us in gen-
eral to single out the contributions from the overlap
of different transverse and longitudinal amplitudes (e.g.
σT , σTT , σLT ...) describing different physics content.
In the specific case of exclusive photoproduction, we
distinguish between the BH, and DVCS processes. In
BH there are only two structure functions, i.e. the pro-
ton elastic form factors, therefore, similar to elastic scat-
tering we do not organize the cross section by writing out
the various virtual photon polarization components. The
dependence on φ is purely kinematic.
For the DVCS and BH-DVCS contributions we set the
virtual photon for DVCS, q, along the z axis in the lab-
oratory frame, while the virtual photon, ∆, for the BH
process is along ∆, at an angle φ with respect to q.
As shown below, this mismatch results in a much more
complicated dependence of the polarization vector prod-
ucts contributing to the cross section, generating sub-
stantial t and target mass corrections [12].
1. Phase dependence of pure DVCS contribution
The polarization vectors for the virtual photon of mo-
mentum q along the negative z-axis in the laboratory
frame are defined as,
εΛγ∗=±1 ≡ 1√
2
(0;∓1, i, 0), (48)
εΛγ∗=0 ≡ 1
Q
(| ~q |; 0, 0, q0) = 1
γ
(
√
1 + γ2; 0, 0, 1),
(49)
Notice that the DVCS helicity amplitudes, Eq.(18), are
evaluated in the CoM frame of the final photon-hadron
system, which defines the hadron plane at an angle φ
with respect to the lepton plane. The cross section is
evaluated by transforming to the lepton plane rotating
the polarization vectors defining the helicty amplitude,
f
Λ∗γΛ
′
γ
ΛΛ′ , by −φ about the z axis. Another way to express
this is that the lepton produces a definite helicity vir-
tual photon specified in the lepton x− z plane, while the
virtual photon’s interaction with the hadrons occurs in
the hadron plane which is rotated through an azimuthal
angle φ. The phase dependence of the DVCS contribu-
tion to the cross section is a consequence of such a rota-
tion about the axis where the virtual photon lies [14, 24].
The φ rotation about the z-axis changes the phase of
the transverse components, and leaves the longitudinal
polarization vector unchanged as,
εΛγ∗=±1 → e
−iΛγ∗φ
√
2
(0,∓1, i, 0) (50)
The ejected (real) photon polarization vectors read,
εΛ
′
γ=±1 ≡ 1√
2
(
0;∓ cos θ cosφ+ i sinφ,
∓ cos θ sinφ+i cosφ,± sin θ), (51)
εΛ
′
γ in principle also undergoes a phase rotation, however,
this phase rotation does not contribute to the cross sec-
tion due to the completeness relation obtained summing
over the physical (on-shell) states [36],∑
Λ′γ
(
ε
Λ′γ
µ (q
′)
)∗
ε
Λ′γ
ν (q
′) = −gµν (52)
2. Phase dependence of BH-DVCS interference term
The same treatment described above is applied to the
BH-DVCS interference term. Here the different polariza-
tions allow us to distinguish the twist-two and twist-three
terms as,
twist 2→
∑
Λ∗γ=±1
(

Λ∗γ
µ
)∗

Λ∗γ
ν = cosφ g
T
µν − sinφ Tµν
(53)
twist 3→
(

Λ∗γ=0
µ
)∗

Λ∗γ=0
ν = g
L
µν (54)
where gLµν = gµν − gTµν , its relevant components
being,gL00 = 1 + ν
2/Q2, gL03 = g
L
30 =
√
ν2 +Q2ν/Q2,
and gL33 = ν
2/Q2.
In addition to the phase dependence, differently from
the pure DVCS term where the azimuthal angular de-
pendence resides entirely in the phase factors resulting in
Eq.(19) , the BH-DVCS contribution contains a φ depen-
dence of kinematic origin. The kinematic φ dependence
arises from the orientation of the ∆ vector which lies at
an angle φ in the hadronic plane and generates a φ depen-
dence through factors of 4-vector products (k∆) in the
coefficients of the structure functions similar to the BH
formula, Eqs.(12),(13). As a result, we single out an over-
all multiplicative cosφ term in the twist-two contribution
to σIUU , and a sinφ term in the twist-two contribution to
σILU , which originate from the phase dependence arising
from the helicity amplitudes of the hadronic current(see
Appendix B). The coefficients contain also the kinematic
φ dependence as explained above. A similar situation is
found at twist-three where the phase dependence cancels
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FIG. 1. The cross section σUU , Eq.(6) for the kinematic bins
from Ref.[37] with initial electron energy 1 = 5.75 GeV, Q
2 =
1.8 GeV2, t = −0.172 GeV2, xBj = 0.34 (top panel), Ref. [38]
1 =11.5 GeV, Q
2 = 4.5 GeV2, t = −0.29 GeV2, xBj = 0.37
(middle panel), and for a projected value of a fixed target
experiment at 1 =24 GeV. The curves correspond to the
contributions from: σUU Eq.(6), σ
BH
UU , (11), σ
DVCS
UU , (21),
and σIUU , (42), calculated in the laboratory system.
FIG. 2. Total Unpolarized Cross Section with VA the-
ory CFF’s at kinemtic bin Left: Q2 = 1.82 GeV2, xBj =
0.34, t = −0.17 GeV2,  = 5.75 GeV and Right: Q2 =
4.55 GeV2, xBj = 0.37, t = −0.26 GeV2,  = 10.591 GeV.
out because the phase dependence of the virtual photon
e−iΛγ∗φ is 1 as a consequence of its longitudinal polar-
ization, and the φ dependence is entirely of kinematic
origin.
In the original harmonics expansion of approach
Refs.[16, 17] the distinction between φ dependence from
the “phase” and φ dependence from the “kinematics”
is not transparent. The question of t and target mass
corrections resulting from the different choices of the ori-
entation of ∆ has been, however, addressed in Refs.[19–
21]. In particular, it becomes unclear how twist-three
terms can be extracted from the harmonics decomposi-
tion since terms can enter that are not directly related
to twist-three GPDs but could be of kinematically sup-
pressed origin. In our formalism, we establish a pathway
in the decomposition of subleading twist terms resulting
from the φ-dependence from the “phase” of the hadronic
current and thus we are sure that what enters into our
twist-three cross section terms are directly due to the
twist-three GPDs. These issues seem to have prevented
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FIG. 3. Comparison of the interference cross section , σIUU ,
Eq.(42), plus the DVCS cross section , σDVCSUU , calculated us-
ing the frameworks from VA, BKM’01, BKM’10.
FIG. 4. Comparison of the unpolarized cross section, σDVCSUU ,
Eq.(21), obtained in the VA and BKM frameworks, respec-
tively. σDVCSUU is plotted vs. −t using the CFFs from the
reggeized diquarl model. The error band represents a theo-
retical error from the reggeized diquark model fit.
so far a clean extraction of information from data [40].
III. NUMERICAL RESULTS
In this Section we present numerical evaluations of the
BH, DVCS and BH-DVCS interference terms evaluated
in Section II. We compare results obtained both in the
helicity amplitudes and in the BKM formulations [16, 17],
for various observables entering the unpolarized cross sec-
tion at kinematic settings ranging from recent measure-
ments at Jefferson Lab [37, 38], to a 24 GeV fixed target
scenario and the Electron Ion Collider (EIC) (references).
Since the goal of this paper is to highlight the new
features of the framework for exclusive electoproduction
presented here as compared to BKM, we restrain from
discussing issues involving fits to the cross section, the
extraction of the CFFs from experimental data, and the
modeling of GPDs based on DVCS data. These topics
will be discussed in an upcoming publication centered on
the fitting procedure. Although BKM use the harmonics
based formulation where, in particular, the σIUU cross
section is not organized in terms of AIUU , B
I
UU , C
I
UU ,
one can retrieve equivalent expressions by rearranging the
various harmonics contributions in Refs.[16, 17]. We note
that even by doing so, the analytic comparison between
the two formulations represents a formidable task due to
the inherent complicated formalism. This motivates our
numerical comparison.
To study the dependence of the cross section compo-
nents on Q2, xBj , and t, in the present (VA) and BKM
frameworks, we use results from a parametrization for the
chiral-even GPDs based on the reggeized diquark model
[33, 39]. The parametric form for Fq = Hq, Eq, H˜q, E˜q,
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FIG. 5. BH-DVCS interference contribution to the cross section, σIUU , Eq.(42) for initial electron energy 1 = 5.75 GeV from
Ref.[37] (top panel), 1 = 10.5 GeV Ref.[38] (middle panel), and for a projected value of a fixed target experiment at 1 =24
GeV. The curves correspond to the calculation at twist-two using the reggeized diquark model [39] for the electric current which
appears in the cross section multiplied by AUU , the magnetic term with coefficient BUU , and the axial term, CUU .
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CFF xBj −t (GeV2) Q2 (GeV2) Re H Re E Re H˜ Re E˜ Im H Im E Im H˜ Im E˜
VA 0.34 0.17 1.82 -0.897 -0.541 2.444 2.207 2.421 0.903 1.131 5.383
VA 0.37 0.26 4.55 -0.884 -0.424 3.118 2.900 1.851 0.649 0.911 3.915
KM15 0.34 0.17 1.82 -2.254 2.212 1.399 141.362 3.506 - 1.565 -
KM15 0.37 0.26 4.55 -2.143 1.990 1.098 87.385 2.793 - 1.371 -
KM10a 0.34 0.17 1.82 -1.513 1.583 - 40.863 3.783 - - -
KM10a 0.37 0.26 4.55 -1.574 1.518 - 22.146 3.147 - - -
TABLE II. Value of Compton Form Factors using Virginia reggeized spectator model, global extraction from KM 15 [48] and
KM 10a [49].
FIG. 6. VA Compton form factors H and E calculated in the
reggeized diquark model, Eq.(55).
at the initial scale Q2o ≈ 0.1GeV 2, reads,
Fq(x, ξ, t) = Nq x[αq+α′q(1−x)pq t] Fdiq(x, ξ, t) . q = u, d
(55)
This form results from convoluting the function Fdiq, ob-
tained from a diquark calculation with mass parameters,
mq (quark mass), MΛ (dipole cut-off mass), M
q
X (specta-
tor diquark mass), over MqX , i.e. letting this parameter
run free, with a spectral function ρ(Mq 2X ) [39, 41]. The
MqX →∞ behavior of the spectral function results in the
Regge-type term ∝ x[αq+α′q(1−x)pq t]. At twist-two the
various parameters of the model are constrained from
experimental data using:
i) GPDs normalization conditions,∫ 1
−1
Hq(x, ξ, t;Q
2) dx = F q1 (t),∫ 1
−1
Eq(x, ξ, t;Q
2) dx = F q2 (t)∫ 1
−1
H˜q(x, ξ, t;Q
2) dx = GqA(t)∫ 1
−1
E˜q(x, ξ, t;Q
2) dx = GqP (t) , (56)
where we used the flavor separated data on the elastic nu-
cleon form factors, F q1 and F
q
2 [42], and the nucleon axial
[43] and pseudoscalar [44] form factor parametrizations;
ii) the forward limit conditions,
Hq(x, 0, 0;Q
2) = q(x,Q2), H˜q(x, 0, 0;Q
2) = ∆q(x,Q2)
(57)
where q(x),∆q(x) are evaluated using current nucleon
PDFs parametrizations (details are in Refs.[45, 46]).
To compare with data, the GPDs are perturbatively
evolved to the scale, Q2 [47].
In the given kinematic regime the cross section appears
to be dominated by leading twist-two contributions. A
numerical evaluation of twist-three terms including a
Wandzura Wilczek (WW) approximated formulation of
the twist-three GPDs will be presented in an upcoming
publication.
In Figure 1 we present the cross section σUU , Eq.(6),
as well as its various contributions, σBHUU , (11), σ
DV CS
UU ,
(21), and σIUU , (42), calculated in the VA framework. We
consider three different settings in the laboratory system
with electron beam energies: (ke)o = 1 = 5.75, 11.5, 24
GeV, and correspondingly increasing Q2 values. The ex-
perimental data are from Ref.[37] (top panel) and Ref.[38]
(middle panel). The theoretical predictions were calcu-
lated at leading twist using GPDs from the reggeized
diquark model summarized above in Eqs.(55,56,57). We
reiterate that these are predictions, namely the models
parameters were fixed using constraints from experiments
other than DVCS which include recent nucleon form fac-
tor and PDF measurements. The BH term is known to
high precision, since its calculation is based on QED,
the only unknowns being the nucleon form factors evalu-
ated at low four-momentum transfer, t, where their un-
certainty is small. The uncertainty band in the figure
refers to the error from the fit obtained in [39, 50].
In Figure 2 we display along with the data, calculations
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FIG. 7. Comparison of the kinematic coefficients at the kinematics point Q2 = 1.82 GeV2, xBj = 0.34, t = −0.17 GeV2, 1 =
5.75 GeV.
of the cross section obtained in the present framework
(VA), and in the formulations of Refs.[16] (BKM’01) and
Ref.[17] (BKM’10). All three calculations use the same
CFFs evaluated in the reggeized diquark model,displayed
in Table II. Although there are rather large discrepan-
cies among the treatment of the DVCS contributions
to the cross section in the three schemes, these appear
minimized in the plots since the cross section is domi-
nated by the BH contribution which is the same for all.
Notwithstanding, discrepancies among the frameworks
will strongly affect quantitative fits to the data.
This is shown in Figure 3 where we plot our extraction
from the data of σIUU , along with theoretical predictions
in the reggeized diquark model for the same kinematic
choices as Fig.1, for initial electron energy 1 = 5.75
GeV (top panel) Ref.[37], 1 =11.5 GeV (middle panel)
Ref.[38], and for a projected value of a fixed target ex-
periment with 1 = 24 GeV. For the extraction we used
our evaluation of σDV CSUU , Eq.(21), with the CFFs cal-
culated in the reggeized diquark model (Table II). The
behavior of σDV CSUU with t in the VA and BKM frame-
works, is shown in Figure 4 for one kinematics, 1 =
5.75 GeV, Q2 = 1.8 GeV2, xBj = 0.34 (other kinematics
display a similar trend). Differently from BKM’01 and
BKM’10, the VA formalism seems to capture features
of the φ modulations characterizing the cross section at
central values of φ. These numerical differences persist
in the 1.5 < Q2 < 10 GeV 2 range, and up to 1= 24
GeV.
To understand the origin of the discrepancies, in Figure
5 we juxtapose calculations using the VA formalism (left)
to the BKM formalism (right), using the same values of
the CFFs and of the elastic form factors. Therefore, the
differences between the left and right set of curves can
be ascribed to different kinematic coefficients in the two
different frameworks. σIUU was evaluated by subtracting
both σBHUU and σ
DV CS
UU from the total cross section shown
in Fig.1. While the BH cross section is known to high
precision, σDV CSUU was calculated using Eq.((21)), thus
introducing a theoretical error in the extracted value of
σIUU . In a forthcoming publication we explore an av-
enue to minimize this error. The various curves in Fig.5
show that the contribution ∝ (F1H+τF2E), in Eq.((42))
dominates the cross section, especially at the endpoints
in φ; the contribution from ∝ GM (H + E), as well as
the axial contribution, ∝ GM H˜, become important for
a quantitative extraction of the form factors at central
values of φ. The uncertainty band in the figure is the
parametrization/model fit error [39].
The values of the CFFs, <eH,<eE ,=mH˜,=mE˜ , at
xBj = 0.34, 0.37, −t = 0.17, 0.26 GeV2 and Q2 = 1.8, 4.5
GeV2, are presented in Table II (first two rows), and
in Figure 6 for a kinematic range corresponding to the
measurements in [37]. The uncertainty bands in the fig-
ure represent the theoretical error of the parametrization
[39].
The numerical differences between the VA and BKM
formulations do not subside as either the electron energy
or the Q2 value increase. In order to understand their
origin, in Figures 7 and 8 we compare in detail the coef-
ficients, AIUU , B
I
UU , C
I
UU in Eq.(42) for the two formu-
lations. In Fig. 7 we show separately AIUU , B
I
UU , C
I
UU
(Eqs.(B1)) and compare them to the evaluations from
Ref.[16] (BKM’01) and [17] (BKM’10), respectively, in
the kinematic bin, 1 = 5.7 GeV, xBj = 0.34, −t = 0.17
GeV2, Q2 = 1.8 GeV2. The figure shows, first of all,
substantial differences between the coefficients of the
BKM’01 and BKM’10 definitions (especially for the mag-
netic contribution, BIUU ) that suggest that terms appear
in the BKM’10 formulation, other than the power cor-
rections ∝ 1/Q2. The differences with the VA formalism
are even more striking, especially in the axial term, CIUU ,
which is both smaller in size and it acquires more complex
φ modulations in the VA case. These differences persist
in the kinematic range of Jlab @ 12 GeV Ref.[38] (not
shown in the figure). In order to understand whether the
discrepancies are due to terms proportional to M2/Q2,
t/Q2, we studied the behavior of the coefficients vs. t and
Q2 in the high Q2 limit. The results shown in Figure
8 represent the coefficients, AUU (top), BUU (middle),
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FIG. 8. Coefficients AIUU , B
I
UU , C
I
UU calculated using Eqs.(B1)), compared to using the formulation from Ref.[16] (BKM’01)
and [17] (BKM’10). Left: 1 = 5.7 GeV, xBj = 0.34, −t = 0.17 GeV2, Q2 = 1.8 GeV2; Right: 1 = 10.591 GeV, xBj =
0.34,−t = 0.17 GeV2.
and CUU (bottom), evaluated at φ = 0 (left panel) and
φ = 180 degrees (right panel). On the lhs we plot them
as a function of −t, for the three frameworks BKM’01,
BKM’10 and VA, at a lower value of Q2 = 1.8 GeV2; on
the rhs the coefficients are plotted vs. Q2 at −t = 0.17
GeV2.
Specifically, we used on the rhs the kinematic bin of
Jlab at 6 GeV ([37], 1 = 5.75 GeV, xBj = 0.34, Q
2 = 1.8
GeV2); on the rhs the kinematic bin of Jlab at 12 GeV
([38], 1 = 10.6 GeV, xBj = 0.34, −t = 0.17 GeV2. One
can see that the differences among the various approaches
tend to subside at larger Q2 and small t. Therefore, our
findings substantiate the hypothesis that the difference
between the VA and BKM approaches is in the treatment
of the t-dependent and target mass corrections. Fig.8 also
illustrates clearly how the discrepancies between BKM’01
and BKM’10 diminish in the high Q2 limit for φ = 0,
while at φ = 180 degrees the differences persist.
Summarizing, in the range 1.5 < Q2 < 10 GeV2, which
represents a sweet spot for extracting CFFs in the Jlab @
12 GeV program and elsewhere, a precise determination
of the t and target mass dependence of the coefficients is
mandatory for a meaningful extraction of the CFFs.
The plots in Figure 9 represent the sum σIUU +σ
DV CS
UU ,
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FIG. 9. Sum of contributions σIUU + σ
DVCS
UU using CFF values from Kumericki et al. [49]; VA formalism (left), BKM10
formalism (right).
similar to Fig.5 where we now use the CFFs from the
model of Kumericki et al. Ref.[49], and juxtapose the
VA formalism on the left, and the BKM formalism on
the right. All values of the form factors used in the plots
are displayed in Table II. Notice, in particular, that the
value of the KM15 <eE˜ contributing to σDV CSUU , makes
this term three times larger than our value.
Finally, in Figures 10, 12, 11 we present our results for
the polarized beam cross section, σLU , Eq.(7).
In Fig. 10 we show the comparison with BKM’01 and
17
FIG. 10. Total LU Cross Section with VA theory
CFF’s at kinematic bin Left: Q2 = 1.82 GeV2, xBj =
0.34, t = −0.17 GeV2,  = 5.75 GeV and Right: Q2 =
4.55 GeV2, xBj = 0.37, t = −0.26 GeV2,  = 10.591 GeV.
Our prediction for a 24 GeV beam energy.
FIG. 11. Total LU Cross Section with Kumericki
CFF’s at kinematic bin Left: Q2 = 1.82 GeV2, xBj =
0.34, t = −0.17 GeV2,  = 5.75 GeV and Right: Q2 =
4.55 GeV2, xBj = 0.37, t = −0.26 GeV2,  = 10.591 GeV.
Our prediction for a 24 GeV beam energy.
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FIG. 12. Total LU Cross Section with VA theory
CFF’s at kinematic bin Left: Q2 = 1.82 GeV2, xBj =
0.34, t = −0.17 GeV2,  = 5.75 GeV and Right: Q2 =
4.55 GeV2, xBj = 0.37, t = −0.26 GeV2,  = 10.591 GeV.
Our prediction for a 24 GeV beam energy. Pieces of the cross
section are shown.
BKM’10 using the CFFs from Ref.[39]. Notice that with
the VA formalism one can see that the twist-two CFFs do
not describe quantitatively the cross section at Q2 = 1.8
GeV2, while the agreement improves increasing Q2 to 4.5
GeV2. Figure 11 shows a similar comparison to Fig.10,
where now the CFFs are calculated using the model of
[48, 49]. The model compares to the data using BKM’01
(a similar comparison is shown also in Ref.[37]).
Fig.12 displays the different contributions from the
AILU , B
I
LU , C
I
LU terms, Eq.(43). Notice, in this case,
the smallness of the axial contribution, ∝ GM=mH˜.
IV. CONCLUSIONS AND OUTLOOK
In summary, in order to extract information on the
QCD matrix elements of deeply virtual exclusive elec-
tron scattering processes, one needs to first understand
the detailed structure of the cross section. In deeply vir-
tual exclusive photoproduction, in particular, tracking
analytically the dependence in the high Q2 limit on the
invariants xBj and t, as well as on the angle φ between
the lepton and hadron planes, has constituted a challenge
which has been hampering, so far, a clean extraction of
the various contributions to the cross section.
In our study, focusing on unpolarized scattering, we
bring to the forefront features of the ep → e′p′γ process
that define it as a coincidence scattering experiment, sin-
gling out the observables as bilinear products of the in-
dependent helicity amplitudes which completely describe
the process. This structure is reflected in different ways
in the DVCS and BH parts of the cross section.
For the BH process we obtain an expression similar
to elastic scattering experiments where the coefficients
of the electric and magnetic proton elastic form factors
squared acquire a φ dependence due to the emission of a
real photon, and the tilt of the exchanged virtual photon
off the lepton plane (along ∆). On the other hand, the
DVCS contribution is described with the virtual photon,
q, aligned along the z-axis, cast in a form similar to the
semi-inclusive ep scattering process, where the various
structure functions depend on bilinear combinations of
CFFs multiplied by simple expressions in the variable 
(the longitudinal to transverse virtual photon polariza-
tion ratio). Twist-three contributions can be unambigu-
ously separated out by the phase, φ, dependence . The
DVCS-BH interference term formulation is driven by the
BH amplitude. We have, in this case, in addition to
the electric-type, (F1−τF2)(H−τE) and magnetic-type,
(F1+F2)(H+E), contributions similar to the correspond-
ing (F1−τF2)2 and (F1 +F2)2 in the ep elastic scattering
cross section, a third term, of the form GM H˜. This term
is allowed without violating parity conservation because
of the extra degree of freedom provided by the outgo-
ing photon along q′ 6= q. The kinematic coefficients, as
for the BH cross section, are lengthy but straightforward
functions of φ evaluated to all orders in 1/Q. In addition
to this kinematic type φ dependence, a phase dependence
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on φ originates in a clearly distinguishable way, similar
to the DVCS term. This distinction is important for the
twist analysis in this and in related processes (e.g. time-
like Compton scattering).
The new framework allows us to represent the interfer-
ence cross section in a linear form in the CFF combina-
tions, H − τE and H + E , and to perform a Rosenbluth
separation. A quantitative extraction of the CFFs from
available data through such a linear fit of the reduced
cross section will be presented in upcoming work.
Finally, we uncover substantial discrepancies with the
harmonics decomposition of BKM, including the updated
formulation with additional t/Q2 and M2/Q2 terms.
While the BH part of the cross section in our frame-
work turns out to be numerically equivalent to the one
in BKM, we find several discrepancies in both the pure
DVCS, and DVCS-BH interference terms. These discrep-
ancies are important and can affect considerably the ex-
traction of CFFs from data, and consequently any con-
clusion on the behavior of angular momentum, pressure
or shear forces inside the proton. We tracked the differ-
ences between the BKM and VA formalism numerically,
as a function of the various kinematic variables involved.
We conclude that while the differences tend to be reduced
at high Q2 for some of the observables, this is not a gen-
eral rule. The inherent reason behind the discrepancies
is that in coincidence reactions, as it is well known from
e.g. ep elastic scattering, one obtains misleading results
by organizing the cross section coefficients according to
their t/Q2 → 0 dependence, since this is not motivated
in this case by the QCD twist expansion. As expected,
making use of decades old experience in coincidence scat-
tering experiments, the full Q2 and t dependence needs
to be considered. This is what our framework provides.
Our results might be compared in principle, with a
more recent approach [19–21] which provides both the
t-dependent and target mass corrections, albeit using
the harmonics decomposition. Future work in this di-
rection, including numerical evaluations of twist-three
three CFFs, as well as an straightforward extension of
our framework to Timelike Compton scattering, will help
us determine unambiguously the internal dynamics and
mechanical properties of the proton.
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Appendix A: Hadronic Tensor in Terms of GPDs
W
[γ+]
Λ′Λ =
1√
1− ξ2
[
H(1− ξ2)− ξ2E
]
δΛ,Λ′ +
Λ√
1− ξ2
∆1 + iΛ∆2
2M
E δΛ,−Λ′ (A1)
W
[γ+γ5]
Λ′Λ =
1√
1− ξ2
[
ΛH˜(1− ξ2)− Λξ2E˜
]
δΛ,Λ′ +
1√
1− ξ2
∆1 + iΛ∆2
2M
ξE˜ δΛ,−Λ′ , (A2)
whereas, for Γ = γi, γiγ5 we adopt the following parameterization of the twist three correlation function [31],
W γ
i
ΛΛ′ =
1√
1− ξ2
[
∆i
2P+
(
2H˜2T + E2T − ξE˜2T
)
+
iΛij∆j
2P+
(
E˜2T − ξE2T
)]
δΛ,Λ′
(A3)
+
√
1− ξ2
[
− M
P+
(Λδi1 + iδi2)
(
H2T +
ξ
1− ξ2 E˜2T −
ξ2
1− ξ2E2T
)
− Λ∆
i(∆1 + iΛ∆2)
2MP+
H˜2T
]
δΛ,−Λ′
W γ
iγ5
ΛΛ′ =
1√
1− ξ2
[
iij∆j
2P+
(
E′2T − ξE˜′2T
)
+
iij∆j
P+
H˜ ′2T −
Λ∆i
2P+
(
E˜′2T − ξE′2T
)]
δΛ,Λ′
+
1√
1− ξ2
[
M(δi1 + iΛδi2)
P+
(
(1− ξ2)H ′2T + ξE˜′2T − ξ2E′2T
)
− Λ i
ij∆j(∆1 + iΛ∆2)
2MP+
H˜ ′2T
]
δΛ,−Λ′ (A4)
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Appendix B: Interference Coefficients
The coefficients of the electric, magnetic and axial current contributions to σIUU in Eq.((42)) at twist-two are given
by,
AIUU = −4 cosφ
{
D+
[(
(kq′)T − 2(kk)T − 2(kq′)
)
(Pk′) +
(
2(k′q′)− 2(k′k)T − (k′q′)T
)
(Pk) + (k′q′)(kP )T
+ (kq′)(k′P )T − 2(kk′)(kP )T
]
−D−
[(
2(kk′)− (k′q′)T − (kk′)T
)
(Pq′) + 2(kk′)(Pq′)T
− (k′q′)(kP )T − (kq′)(k′P )T
]}
(B1a)
BIUU = −2ξ cosφ
{
D+
[(
(kq′)T − 2(kk)T − 2(kq′)
)
(∆k′) +
(
2(k′q′)− 2(k′k)T − (k′q′)T
)
(∆k) + (k′q′)(k∆)T
+ (kq′)(k′∆)T − 2(kk′)(k∆)T
]
−D−
[(
2(kk′)− (k′q′)T − (kk′)T
)
(∆q′) + 2(kk′)(∆q′)T
− (k′q′)(k∆)T − (kq′)(k′∆)T
]}
(B1b)
CIUU = −2 cosφ
{
D+
[
2(kk′)(k∆)T − (k′q′)(k∆)T − (kq′)(k′∆)T + 4ξ(kk′)(kP )T − 2ξ(k′q′)(kP )T
− 2ξ(kq′)(k′P )T
]
−D−
[
(kk′)(∆q′)T − (k′q′)(∆k)T − (kq′)(∆k′)T + 2ξ(kk′)(Pq′)T − 2ξ(k′q′)(Pk)T
− 2ξ(kq′)(Pk′)T
}
(B1c)
where we take ke ≡ k, k′e = k′, for simplicity, and we defined, D+ and D−
D+ =
1
2(k′q′)
− 1
2(kq′)
=
1 +
t
Q2
Q2
(
1 +
2(k∆)
Q2
)( t
Q2
− 2(k∆)
Q2
) (B2)
D− = − 1
2(k′q′)
− 1
2(kq′)
= −
1 +
t
Q2
2
(
t
Q2
− 2(k∆)
Q2
)(
1 +
2(k∆)
Q2
) . (B3)
We write the four vector products in terms of x, y, Q2, t, (k∆),
(k q′) = −Q
2
2
− (k∆ ) = −Q
2
2
(
1 +
2(k∆ )
Q2
)
, (k′ q′) =
t
2
− (k∆) = Q
2
2
(
t
Q2
− 2(k∆ )
Q2
)
(B4)
(Pk) = (pk)− 1
2
(k∆) =
Q2
2xy
− 1
2
(k∆) =
Q2
2xy
(
1− xy (k∆)
Q2
)
(B5)
(Pk′) = (pk′)− 1
2
(k′∆) = (pk)− 1
2
(k∆)− (pq) + 1
2
(q∆) =
Q2
2xy
[
1− y − xy (k∆)
Q2
− 2xy
(
1− t
Q2
)]
(B6)
The products of the transverse components are defined by invariant quantities in the laboratory frame as [12],
(kk)T = k
2
1 =
1
2

1− Q
2 (kk′)T = (kk)T (q′∆)T = −∆2T = −(1− ξ2)(t0 − t)
(kq′)T = (k′q′)T = −(k∆)T = −(k′∆)T = Q
2
γ
√
1 + γ2
√

2(1− )
(
1 +
xt
Q2
)
sin θ cosφ
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The twist-three contributions are given by,
A
(3)I
UU =
8ξD+
P+
[
2(k∆)T (kP )L(k
′P ) + (k′∆)T (q′P )L(k′P ) + 2(k∆)T (k′P )L(kP ) + (k′∆)T (q′P )L(kP )
−2(kk′)(k∆)T (PP )L + (k′q′)(k∆)T (PP )L − (kq′)(k′∆)T (PP )L
]
+
8ξD−
P+
[
(k′∆)T (kP )L(q′P ) + (k′∆)T (q′P )L(q′P ) + (kk′)(q′P )L(P∆)T − (k′q′)(kP )L(P∆)T
−(kq′)(k′P )L(P∆)T
]
(B7a)
B
(3)I
UU =
4ξM2D+
P+
[
2(kP )L(kk
′)T + (Pq′)L(k′k′)T + 2(k′P )L(kk)T + (Pq′)L(kk′)T
]
+
4ξM2D−
P+
[
(kP )L(k
′q′)T + (Pq′)L(q′k′)T + 2((kk′)(Pq′)L − (k′q′)(Pk)L − (kq′)(Pk′)L)
]
(B7b)
C
(3)I
UU = −
2ξD+
P+
[
2(k∆)T (kP )L(k
′∆) + (k′∆)T (q′P )L(k′∆) + 2(k∆)T (k′P )L(k∆) + (k′∆)T (q′P )L(k∆)
−2(kk′)(k∆)T (P∆)L + (k′q′)(k∆)T (P∆)L − (kq′)(k′∆)T (P∆)L
]
− 2ξD−
P+
[
(k′∆)T (kP )L(q′∆) + (k′∆)T (q′P )L(q′∆) + (kk′)(Pq′)L(∆∆)T − (k′q′)(kP )L(∆∆)T
−(kq′)(k′P )L(∆∆)T
]
, (B7c)
with,
A˜
(3)I
UU = −A(3)IUU , B˜(3)IUU = −B(3)IUU , C˜(3)IUU − C(3)IUU (B8)
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The coefficients contributing to σLU , Eq.((43) are given by,
AILU = 2D+
[
(P+q− − P−q+)(kk)T + (k′−k+ − k′+k−)(Pk)T + 2(P+q′− − P−q′+)(kk)T
−(P+k− − P−k+)(kq′)T + (q′+k− − q′−k+)(Pk)T − (P+k′− − P−k′+)(kq′)T
+(q′+k′− − q′−k′+)(Pk)T + 2(q′−P+ − q′+P−)(kk′)
]
sinφ
+ 2D−
[
2(k−k′+ − k+k′−)(Pq′) + (k′−k+ − k′+k−)(Pq′)T + (k′+q′− − k′−q′+)(Pk)T
−(k+q′− − k−q′+)(Pk)T
]
sinφ (B9a)
BILU = ξD+
[
(∆+q− −∆−q+)(kk)T + (k′−k+ − k′+k−)(k∆)T + (∆+q′− −∆−q′+)(kk)T
−(∆+k− −∆−k+)(kq′)T + (q′+k− − q′−k+)(k∆)T + (∆+q′− −∆−q′+)(kk)T
−(∆+k′− −∆−k′+)(kq′)T + (q′+k′− − q′−k′+)(k∆)T + 2(q′−∆+ − q′+∆−)(kk′)
]
sinφ
+ ξD−
[
2(k−k′+ − k+k′−)(∆q′) + (k′−k+ − k′+k−)(q′∆)T + (k′+q′− − k′−q′+)(k∆)T
+(k−q′+ − k+q′−)(k∆)T
]
sinφ (B9b)
CILU = D+
[
(k′−k+ − k′+k−)(k∆)T + (q′−k+ − q′+k−)(k∆)T + (q′−k′+ − q′+k′−)(k∆)T
]
sinφ
+ D−
[
(k′+q′− − k′−q′+)(k∆)T + (k′−k+ − k′+k−)(q′∆)T + (k−q′+ − k+q′−)(k∆)T
]
sinφ, (B9c)
where we defined the components, v± = 1/
√
2(v0 ± v3), for all four-vectors. Longitudinal momenta appear in the
LU -type equations from evaluation of the factor αβγδAαBβCγDδ in the anti-symmetric part of the leptonic tensor.
Appendix C: BKM Coefficients
Below we convert the harmonics coefficients from Ref.[16] into the coefficient functions defined in Eq.(42),
AIUU =
1
xBjy3tP1(φ)P2(φ)
{
− 8(2− y)
3
1− y K
2 − 8(2− y) t
Q2
(1− y)(2− xBj)− 8K(2− 2y + y2) cosφ
}
BIUU =
ξ2
xBjy3tP1(φ)P2(φ)
{
8(2− y) t
Q2
(1− y)(2− xBj)
}
CIUU =
ξ
xBjy3tP1(φ)P2(φ)
{
8
(2− y)3
1− y K
2 + 8K(2− 2y + y2) cosφ
}
where,
P1 = − 1
y(1 + γ2)
{J + 2K cosφ}, P2 = 1 + t
Q2
+
1
y(1 + γ2)
{J + 2K cosφ},
with,
K2 = − t
Q2
(1− xBj)
(
1− y − y
2γ2
4
)(
1− t0
t
){√
1 + γ2 +
4xBj(1− xBj) + γ2
4(1− xBj
t− t0
Q2
}
J =
(
1− y − yγ
2
2
)(
1 +
t
Q2
)
− (1− xBj)(2− y) t
Q2
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A similar transformation gives for Ref.[17],
AIUU =
1
xBjy3tP1(φ)P2(φ)
{
3∑
n=0
Cunp++ (n) cos (nφ)
}
BIUU =
ξ
xBjy3tP1(φ)P2(φ)
{
3∑
n=0
Cunp,V++ (n) cos (nφ)
}
CIUU =
−ξ
xBjy3tP1(φ)P2(φ)
{
3∑
n=0
(Cunp++ (n) + C
unp,A
++ (n)) cos (nφ)
}
,
where, the harmonic coefficients, Cunp++ (n), n = 1, 2, 3 are listed in [17].
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